The mechanism of SR (Slag-Ring) formation in the actual rotary kiln that proposed in the previous paper has been examined by the firing experiment of the anthracite and limestone composite Ni-ore briquettes using the batch type experimental kiln. The rapid increases in the degree of reduction and CO gas content and the sticking begin to take place at about the same time. The temperature of raw materials apparently begin to decrease from around 1 200°C owing to the sticking of raw materials to the tips of alumina (SSA-S) protecting tube with an inserted thermocouple, entering the depression region. Therefore, from above mentioned the mechanism of SR formation is confirmed. A large amount of charge of powdery materials and the increase in the gas velocity at the top of SR causes SR to shrink and fall into the vicious circle, which allows the serious difficulty in the operation of the kiln. The sintering of briquettes provides the suppression of powder generation coming from the fracture of that, which allows no occurrence of sticking. The mechanism of MR (Metal-Ring) formation is extremely involved in the behavior of fine particles as well as SR. A large amount of fine reduced metal with high C content without the growth transports toward the discharge end, allowing that to melt and be precipitated on the wall by Ostwald ripening.
Introduction
The SR formation on the inside wall of kiln in "Nippon Yakin Oheyama Process," 1) which is the improved KruppRenn process, 2) cannot be avoided by any possibility in the smelting of saprolite Ni-ore. The mechanism of SR formation was proposed in the previous paper 3) as follows; 1) the released low-MgO and high-SiO2·FeO silicate accompanied by the recrystallization of non-stoichiometric serpentine by Eq. (1) is transformed to the primary melt; 2) then, by Ostwald ripening the fine parts of ores containing high content of FeO and Al2O3 and that of limestone melt into the primary melt for the reducing surface energy, secondary melt being formed; 3) further, the entrance of the secondary melt into the bed leads to the cooling, allowing the precipitation on the surface of wall and accretions, which enables the strong sticking force to be obtained; 4) the slight transportation of raw materials toward the discharge end causes the rapid decrease in the amount of solution and precipitation owing to the large growth of particles; 5) the resulting SR is formed locally.
2(3MgO.2SiO2) = 3(2MgO.SiO2)+SiO2 .......... (1) That is, SR is considered to be the sticking phenomenon that the characteristics of kiln and ore are more intertwined with each other as follows; 1) the wall has the highest temperature immediately before the entrance of the raw materials into the bed, subsequently being cooled; 2) the fine particles of ore containing much FeO and Al2O3 leads to the formation of low-melting compounds.
Hence, that mechanism has been attempted to examine by the firing experiment of the raw and sintered briquettes using the experimental kiln. Furthermore, the mechanism of kiln being out of operation owing to the shrinkage of SR and sticking of MR also has been investigated.
Experimental Details

Experiment of Single Origin Ore in the Experimental Kiln
In the actual kiln operation, several kinds of origin ore are blended. However, single origin ore is used in the experimental kiln shown in Fig. 1 for the reducing factor of sticking. Ore A, B ground into -2 mm shown in Table 1 , anthracite (125+1.25 A0) kg/t of ore, where A0 is the stoichiometric quantity of anthracite for the reduction of Ni and Fe in ore, limestone and water were mixed to the moisture contents of 15 mass%. Then, the briquettes (30×25×15 mm) of around ISIJ International, Vol. 52 (2012), No. 11 700 kg were produced by the briquette machine. Then, dried briquettes were fired in the experimental kiln under conditions as follows: 1) air ratio 1.0; 2) LPG 30 m 3 /h; 3) rotational speed 20 rph; 4) gas analysis (Fuji Electric Gas-Rack O 2 magnetism type, CO, CO 2 infrared rays type). Sample of around 2-3 kg were taken every 1 h from sampling hole by stopping kiln rotation for a while around five minutes, being water-quenched and dried. Thereafter, samples were embedded in resin and polished, and SEM-EDS (SHIMAZU SSX-550) 4) have been carried out. Moreover, the chemical analysis of samples ground to -44 μm have been performed.
Experiment of Sintered Briquettes in the Experimental Kiln
Ore-C shown in Table 1 , anthracite 200 kg/t of ore, limestone 66 kg/t of ore and water were mixed, and briquettes of around 1.3 t (dry) were produced, being sintered in the experimental sintering furnace shown in Fig. 2 . After cooling, the sintered briquettes of 750 kg-dry, which have the degree of Ni and Fe reduction of 1.4 and 1.2 mass%, respectively, were fired in the experimental kiln with external anthracite of 150 kg/t of ore. Here, non-sintering briquettes were also fired for the clarification of the effect of sintering. Then, in order to fire under as the same conditions as possible, briquettes were once fired up to 1 000°C in the experimental kiln, thus the free and crystal water being removed. Thereafter, that was fired in the experimental kiln with addition of external anthracite of which amount is required for the maintenance of residual C of around 0.3-0.5 mass% in slag at the stoppage. The experiment condition is the same as a section 2.1.
Experimental Results
Firing Experiment of Single Brand Ore in the
Experimental Kiln 3.1.1. Relation between Occurrence of Accretions, Degree of Reduction and Gas Analysis The more reliable measurement of the temperature of raw materials in the experimental kiln requires the sticking out the tips of alumina (SSA-S) protecting tube with an inserted thermo-couple at a point toward the around 2-3 mm inside from the surface of lining caster. Figure 3(a) shows the temperature of raw materials and gas, the degree of Ni and Fe reduction at the experiment of Ore-A (high MgO and low Fe type). Briquettes begin to be destroyed from around 4 h to be disintegrated, which allows the surface of protecting tube to be covered by the accretions from around 5 h. Therefore, the temperature of raw materials apparently decrease to enter the depression region from around 5.4 h (raw materials temperature around 1 200°C). Thereafter, the weight of the accretions increases, causing that to be unable to be supported, which allows the accretions to begin to fall out from around 5.9 h and the falling-out to be completed at around 6.8 h (1 320°C). That is, the temperature of raw materials leaves the depression region. Thus, the accretions corresponding to SR also stick in the experimental kiln.
Whereas, no transportation of raw materials in the experimental kiln leads to the sticking pattern different from the actual kiln. Even so, SR in the actual kiln is acceptable to be reproduced in the experimental kiln from looking only at the sticking phenomenon. On the other hand, the degree of Ni and Fe reduction has also the depression region 5) owing to being confined in olivine, once apparently decreasing as well as the temperature of raw materials. Thus, it is revealed that the beginning of sticking, the occurrence of melt, the rapid increases of the degree of reduction and the rapid Therefore, the ore particles take an angular shape, and have not yet softened. Moreover, a few metals are formed. The temperature of raw materials enters the depression region from 5.5 h corresponding to the beginning of sticking. Then, a large amount of melt contained Al 2 O 3 is formed, and the content of that in the melt increases up to 8.22 mass%, conversely, FeO decreases to 1.15 mass%. The progress of metal growth, due to the coalescence high Fe metal with high Ni metal, provides high Ni content of 23.46 mass% at 6.0 h. Table 2 shows SEM quantitative analysis values of the melt. The content of Al 2 O 3 in the melt begins to increase from 5.5 h of the beginning of sticking, subsequently decreasing with the increase in the melt. The compositions of melt have content of Al 2 O 3 and CaO of 6.51 and 15.66 mass%, respectively at 6.5 h, immediately before the completion of fallingout of accretions. FeO incorporated into olivine and pyroxene has been almost reduced. Here, SEM observation has been performed only on the briquettes sampled, not containing the powdery materials produced from briquettes destroyed by the rolling action of the bed. Therefore, it is considered that the content of FeO in accretions is significantly higher than that of the melt in the briquettes. Figures 6(a) and 6(b) show the temperature of raw materials and gas, the degree of Ni and Fe reduction in the sintered and non-sintered briquettes experiment, respectively. The temperature of raw materials in non-sintered briquettes enter the depression region due to the sticking from around 4.5 h, thus the temperature drop corresponding to the amount of sticking of accretions reaching a maximum at around 5.2 h. The accretions begin to fall out at around 5.2 h, the depression region being left at around 5.5 h. In this case, a large characteristic is shown that the rapid increases in the degree of reduction and the sticking of accretions begin to take place at about the same time. Here, the cooling by the N2 blow instead of the water quenching in this experiment provides the small depression region of the degree of reduction. The abnormal degree of Fe reduction at 6.2 h is due to the re-oxidation at the sampling. On the other hand, in the sintered briquettes experiment, the depression region of the temperature of raw materials cannot be entirely observed.
Firing Experiment of Sintered Briquettes in the Experimental Kiln
Discussion
Difference in the Sticking Phenomenon in the
Actual Kiln and Experimental Kiln The reproduction of SR in the actual kiln is attempted in the experimental kiln. However, the experimental kiln is a batch type with a length of 1 m, enabling no transportation of the raw materials. Therefore, in the experiment of Ore-A using the experimental kiln, the following process of sticking is represented; 1) the wall with a length of 1 m stays at the time of 7.2 h/72 m=0.1 (h/m) with rotation in the each temperature zone of the actual kiln; 2) the wall on where the accretions remain as stuck moves from charge to discharge end by taking the time of 7.2 h. Furthermore, the accretions keep sticking over around 1 h until their weight is superior to the sticking force due to the increase in the melt as shown in Fig. 4(d) , thus falling-out taking place from around 6.5 h. The distribution of accretions on the wall in the actual kiln has been provided by the sticking over the long time, which allows that to be unable to be reproduced by the experimental kiln. Whereas, the water quenching of sample in the experimental kiln provided some valuable information that the beginning of sticking, the occurrence of melt, the rapid increase of degree of reduction and the rapid increase of CO gas content take place at about the same time as shown in Figs. 3(a) and 3(b) . Here, the occurrence of melt allows the reduced fine metals confined in the silicate to coalesce with each other, which causes the fine metals to grow to the size enough to be extracted by the bromine methyl alcohol solution. The resulting degree of reduction shows rapid increase. Similarly, oxygen is released outside via melt, thus reacting with CO, which causes CO2 to be formed. Subsequently, CO2 is transformed to CO due to the Boudouard reaction, which leads to rapid increase in CO gas content.
Difference in the Sticking Force by the Surface
Tension and Precipitation from the Melt The sticking force between two solid phases filled with a liquid is estimated as a pressure difference ΔP between liquid phases and gas as shown The increase in the distance d due to the increase in the amount of liquid leads to the reduction of the pressure difference ΔP, allowing the decrease in liquid bridge force. In the SR sticking zone, a large amount of particles is surrounded by the melt, causing the shape of the liquid bridge to be unable to be held, which allows no application of Eq. (2). On the other hand, in the coating zone the large growth of particles provides partially being surrounded by liquid, enabling the explanation by Eq. (2), which allows the increase in liquid bridge force. This causes particles to contact with each other, which results in the liquid phase sintering accompanied by the movement of atoms.
On the other hand, Majdic 7) and Polesnig 8) have measured the sticking force between refractory brick and melt by the tensile test apparatus as shown in Fig. 8 . The decrease in the setting temperature allows the precipitation to begin on the bricks from the melt at the point A. Further decrease in the setting temperature allows the rapid increase in the sticking force due to the recrystallization of the precipitated phase at the point B. Furthermore decrease in the setting temperature allows the rapid decrease in the sticking force by the rupture due to the difference in the coefficient of expansion at the point C. Thus, it is pointed out that the precipitation from the melt provides a big sticking force. From the facts described above and the result of the experimental kiln that the occurrence of melt, which is able to be inferred from the rapid increase in the degree of reduction 5) due to the large growth of metal, and the sticking simultaneously take place, the mechanism of SR formation proposed in the previous paper 3) may be confirmed. Here, Fig. 9 shows the schematic diagram of the SR formation.
Mechanism of SR Shrinkage
If the sticking continues by the precipitation from the melt, SR is eventually blocked. However, in the normal kiln operation, the SR diameter is maintained approximately constant. This can be explained by considering that the top of SR is scraped away by the passing of raw materials as follows; 1) the melting of fine particles and precipitation of solid; 2) the formation of SR; 3) the increase in temperature at the top of SR; 4) the softening of the top of SR; 5) the scraping away the top of SR by the passing of raw materials; 6) the enlargement of SR diameter; 7) the maintenance of SR diameter. Generally, the heat transfer from gas to wall is performed via film by the conduction heat transfer. The decrease in the SR diameter leads to the increase in gas velocity, causing the thinning of film, which allows the enhancing of heat transfer. This results in the softening of top of SR.
However, the shrinkage of SR quickly proceeds in the case as follow; 1) a large amount of charge of raw materials contained much powder causes the formation of the melt by the Ostwald ripening. Thus, the amount of melt is superior to that of SR scraped away by the passing of raw materials; 2) the increase in the amount of gas causes the increase in gas velocity at the top of SR, leading to the thinning of film to allow the top of SR to be melted, which causes the raw materials to be buried into the melt. This allows the decrease in the amount scrapped away of the top of SR owing to the decrease in raw materials passing SR, causing SR to shrink, which allows the increase in the gas velocity. Therefore, the state of sticking falls into the vicious circle, SR shrinking further. This results in the quick shrinkage of SR, allowing the kiln operation to become seriously difficult.
Suppression of the Sticking by the Sintering
The sticking cannot be entirely observed in the experiment of sintered briquettes by the experimental kiln as shown in Fig. 6(a) . The time variation of the degree of reduction is also almost similar to non-sintered briquettes. The sintering provides the formation of magnesia-ferrite (MgO·Fe2O3), but that is decomposed from around 800°C, being incorporated into the silicate and disappears at around 1 000°C by XRD. Accordingly, that may not give a large effect on the sticking phenomenon. Substantially, the clinker-like sintering of briquettes clearly provides the suppression of powder generation coming from the fracture of briquettes in the experimental kiln, which allows no occurrence of sticking. From above discussion, it is revealed that the (1) The increases in the amount of dust from the kiln by the lowering of strength of briquettes and circulation of that enable the sintering and agglomeration of fine part of ore. This provides no energy saving, but the suppression of SR formation and the improvement of the kiln performance.
(2) The wet screening of ore into rock and mud (e.g.,
around 30 mass% at -250 μm) part is performed, then the mud part is separately treated (e.g., sintering).
The enlargement of kiln diameter may provide easier scraping away the top of SR by the following dynamic properties of kiln as shown in Fig. 10 ; a) the reduction of radial component of compressive stress in the rigid ring; b) the increase in the pressure in the central axis direction due to a large amount of raw materials filling back of the SR, enabling the suppression of SR formation. This is confirmed by the actual operational result that the kiln of 4.2 mφ has the lower possibility of the sticking than that of 3.6 mφ.
Mechanism of the Sticking of MR
The sticking of MR at around 10 m from the discharge end is explained by the mechanism involved in Ostwald ripening as well as SR. That is, a large amount of the fine reduced metal with high C content without the growth transport toward the discharge end, allowing that to melt and be precipitated on the wall by Ostwald ripening, which causes the MR formation. On the other hand, the transportation of grown reduced metal allows the coalescence of these with each other and growth without the melting, which causes the product to be produced. Figure 11 10) shows the typical relation between degree of Ni and Fe reduction, weight ratio of +0.25 mmφ metal (mass%) and distance from the discharge end in the actual kiln. If the size distribution of metal is shifted to the discharge end side, MR favors the sticking. Here, the re-oxidation of Fe provides the lowering of the degree of Fe reduction as the discharge end grows near.
Conclusions
The mechanism of SR formation that proposed in the previous paper has been examined in the experimental kiln. The following results are obtained.
(1) From the result in the experimental kiln that the rapid increase in the degree of reduction and CO gas content and the sticking begin to take place at about the same time, the mechanism of SR formation is confirmed as follows;
1) The formation of the primary melt: the released lowMgO and high-SiO2·FeO silicate accompanied by the recrystallization of non-stoichiometric serpentine is transformed.
2) The formation of the secondary melt: the fine parts of ores containing high content of FeO and Al2O3 and that of the limestone melt into the primary melt by Ostwald ripening.
3) Precipitation on the wall or accretions: the entrance of the secondary melt into the bed leads to the cooling and precipitation.
4) The local formation of SR: the slight transportation of raw materials toward the discharge end causes the rapid decrease in the amount of solution and precipitation owing to the coarsening of particles, the resulting SR is locally formed.
(2) The mechanism of the maintenance and shrinkage of SR diameter.
The decrease in the SR diameter leads to the increase in gas velocity, causing the thinning of film from gas to SR, which allows the enhancing of the heat transfer and softening. Therefore, the top of SR is scraped away by the raw materials, allowing the SR diameter to be nearly maintained constant. However, the state of the SR sticking fall into the vicious circle by the following factors; 1) a large amount of charge of powdery materials contained much FeO and Al2O3; 2) the rapid increase in the gas velocity at the top of SR, which allows the kiln operation to become seriously difficult. ( 3) The sintering of briquettes provides the suppression of powder generation coming from the fracture of that, which allows no occurrence of sticking. This confirms that the fine part of ore is extremely related to the SR formation.
(4) The mechanism of MR formation is involved in the behavior of fine particles as well as SR. A large amount of fine reduced metal with high C content without the growth transports toward the discharge end, allowing that to melt and be precipitated on the wall by Ostwald ripening, which causes the MR formation.
